past experience, there have been concerns that radioactive materials could concentrate in sewage sludge and
I
n the United States there are no identified situations to assist in resolving and coordinating regulatory issues in which radioactive materials in sewage sludge are associated with radiation standards. In addition to the a threat to the health and safety of POTW workers or NRC and USEPA, ISCORS membership includes sethe general public. However, there have been a small nior managers from the Department of Defense, the number of facilities where elevated levels of man-made Department of Energy, the Department of Labor's Occuradioactive materials were detected. The United States pational Safety and Health Administration, the DepartGeneral Accounting Office (1994) described nine cases ment of Transportation, and the Department of Health where elevated levels were found in sewage sludge or and Human Services. Representatives of the Office of ash or the wastewater collection system, which have Management and Budget, Office of Science and Techresulted in considerable cleanup expense to the POTW nology Policy, and the states are observers at meetings. authority or specific industrial dischargers of wastewater
The Interagency Steering Committee on Radiation to the POTW. Also, several states have identified situaStandards formed a Sewage Sludge Subcommittee to tions where radium from drinking water residuals has conduct the ISCORS sewage sludge and ash survey and been reconcentrated in sewage sludge. Based on this to develop the POTW guidance document. Most of the information previously available on reconcentration of radionuclides from many sources ( Table 2 ). Ground and surface water, as well as food and plants, can contain elevated levels of NORM radionuclides. Some public There are no specific federal regulations that limit the drinking water supplies depend on ground water sources levels of radioactive material in sewage sludge and ash, that have radium levels that exceed the drinking water although both the NRC and the DOE have requirements standard for radioactive material. Radon is also released that control discharges to municipal sanitary sewer systo the atmosphere from soil and water and can enter tems (Nuclear Regulatory Commission, 1991; United any building, including POTW facilities, through ground States Department of Energy, 1990) . In a manner similar contact openings in a concrete slab or foundation wall.
to trace heavy metals, some radionuclides (e. Cs. The Association of Metropolitan Sewerage collect information on radioactivity in sewage sludge and ash from POTWs. The objectives of the survey Agencies (AMSA) recently conducted a survey of 55 POTWs that produced similar results to those generated were to (i) obtain national estimates of high-probability occurrences of elevated levels of radioactive materials by the ISCORS survey (National Biosolids Partnership, 1999) .
in sewage sludge and ash at POTWs, (ii) estimate how much radioactive contamination comes from NRC and The ISCORS survey used NRC and USEPA laboratory capacity for processing environmental samples to Agreement State licensees and how much from natu- Th concentrations. Publicly owned treatment 420 completed and returned questionnaires, the ISCORS works with combined sewers had greater levels of radiosubcommittee selected 313 POTWs (Fig. 2) distributed active material than POTWs with separate sewers. The around the country to provide samples. The selection survey results represent a single sampling event at each emphasized POTWs with the greatest potential to reof the 313 POTWs, and therefore do not account for ceive waste from licensees and in areas with higher levels seasonal or episodic fluctuations in radionuclide levels. of NORM. Consequently, the survey results should be The analyses revealed that the samples primarily conconsidered conservative, and may not necessarily repretained NORM and TENORM radionuclides such as sent typical levels occurring in POTWs across the counradium (Tables 4 and 5 ). With the exception of NORM try. Altogether, 311 sewage sludge samples and 35 ash and TENORM, most other radionuclides were at, or samples were analyzed. Approximately half of the samnear, the limit of detection, and generally comparable ples were analyzed by the U.S. Department of Energy's with levels found in soils and fertilizers (Table 6 ). The Oak Ridge Institute for Science and Education in Oak specific results of the analyses and data obtained by the Ridge, Tennessee, under contract to NRC. The requestionnaire are discussed in detail in the survey report maining samples were analyzed by the USEPA's Na-(Interagency Steering Committee on Radiation Stantional Air and Radiation Environmental Laboratory. Both dards, 2003a). labs followed strict quality assurance-quality control procedures and rigorous analytical methods, described in Based on what is known about the potential for reconThe ISCORS survey resulted in 45 radionuclides becentrating radioactive material at POTWs, the three priing detected in both sewage sludge (Table 4) and ash mary pathways for POTW workers and members of the (Table 5 ). Six radionuclides were detected only once, public to be exposed to radiation from POTW operaincluding rived primarily from background natural radiation; howThe ISCORS dose assessment effort provided a means for estimating potential doses associated with these levels ever, a person's occupation, geographic location, time spent outdoors, need for diagnostic medical treatments of radionuclides under various sludge management scenarios. Guided in part by examples from previous assessand testing, time spent traveling in airplanes, and other activities can greatly affect the relative contribution of ments by the DOE, USEPA, and NRC, the ISCORS subcommittee developed scenarios that were simple and natural, man-made, and global fallout sources. On the average, 80% of human exposure to radiation comes generic (i.e., not based on the unique characteristics of any particular site or sites), but broad and general enough from natural sources: radon gas, radionuclides in the human body, cosmic radiation, and that present in rocks to account for the most common sewage sludge and ash management practices. The scenarios were intended to and soil. The remaining 20% comes from man-made radiation sources, primarily X-rays for medical procerepresent a variety of different uses or disposal options, and situations where radiation exposure is most likely. dures. Radiation sources at POTWs are generally insignificant compared with background radiation under
For each scenario, all the standard environmental transport (resuspension of dust, leaching into ground water) most conditions. However, under conditions at POTWs where elevated levels of radionuclides have been deand exposure (external exposure, inhalation, and ingestion) pathways were considered. The scenarios were detected, there is the possibility that doses to POTW workers and to the general public could be of concern.
signed to form the basis for performing a realistic but conservative assessment of the doses associated with typiThe ISCORS survey results provide an estimate of the range of concentrations of radionuclides that may cal sewage sludge management practices that could result in human exposures to radioactive materials. be present in sewage sludge (Table 4 ) and ash (Table 5) . The seven scenarios represent four categories of sewaccepted multipathway environmental transport models. The RESRAD family of codes (including RESRAD Verage sludge and ash management and processing practices (Tables 7 and 8 ). Scenarios 1 through 3 consider sion 6.0, RESRAD-BUILD Version 3.0, and RESRAD-OFFSITE Version 1.0) were used to generate a radiodifferent situations involving land application of biosolids. For the first two, people are exposed while living nuclide-specific sludge concentration-to-dose conversion factor for each scenario. The RESRAD multimedia comor camping on a land application site. In the third, the residents of the nearby town are exposed to radioputer codes were developed by Argonne National Laboratory under sponsorship of DOE and NRC for use in nuclides that are transferred away from the land application site by wind, runoff, ground water flow, or other evaluating radioactively contaminated sites and buildings, respectively. The codes have been widely used in pathways. The dose assessment for this off-site population is more complex than for the on-site exposure scethe United States and abroad to (i) develop residual radioactive material guidelines, (ii) calculate radiation narios, and requires more sophisticated modeling. Scenarios 4 and 5 treat two other off-site exposure scenarios dose and excess lifetime cancer risk to a chronically exposed individual at a site with residual contamination, involving sewage sludge or ash disposal via landfilling and incineration. The last two scenarios (6 and 7) conand (iii) evaluate the potential radiological dose to an individual who works or lives in a building contaminated sider possible exposures of land application workers and of POTW workers.
with radioactive material (Yu, 1994 (Yu, , 1999 . The modeling used a manageable number of parameters Each scenario was translated from a qualitative narrative and list of potential transport and exposure path-(about 140 for RESRAD, 300 for RESRAD-OFFSITE, and 40 for RESRAD-BUILD) to account for the major ways into a specific set of parameters for use in widely transport and exposure pathways of interest, and alfor the various radionuclides, and there were significant lowed sensitivity and Monte Carlo probabilistic uncerdifferences among the scenarios. Variability in concentainty analyses to be conducted. For many parameters, trations of radioactivity in sewage sludge and ash was a values and distributions were selected that were specific major factor (up to 100ϫ difference) between 5th percento each scenario. For others, generic (non-scenario-spetile and 95th percentile calculated doses. However, the cific) values and distributions were used, particularly for exposure scenarios' uncertainty and variability contribplant and animal transfer factors, food ingestion, soil uted the most to the overall uncertainty and variability characteristics, and hydrogeological parameters. Details in calculated doses (Ͼ1000ϫ differences among doses are provided in Interagency Steering Committee on Rafrom different scenarios). These differences, however, diation Standards (2003b) .
are meaningful only when considered in context with The dose-to-source ratio (DSR), measured as Sv the survey results or measurements associated with an yr Ϫ1 per Bq kg Ϫ1 (mrem yr Ϫ1 per pCi g Ϫ1 ), for each sceindividual site. The DSRs computed with the survey meanario and radionuclide was defined as the peak total surements ( Table 9 ) clearly show that while some sceeffective dose equivalent (TEDE) or "dose" to an exnario-radionuclides combinations give rise to very low posed individual. The TEDE is currently the basis of doses, a few combinations are more problematic. In parstandards and regulations for radiation exposure in the ticular, the calculated 95th percentile sample dose for United States. In some cases, additional information on the on-site resident with 50 to 100 yr of prior biosolids indoor radon and nonradon components of the radiation application exceeded 1000 Sv yr Ϫ1 (100 mrem yr Ϫ1 ) dose was also calculated. The radionuclides considered while the upper range value for the POTW workers were based primarily on the ISCORS survey.
involved with sewage sludge loading was 700 Sv yr Ϫ1 The DSR values ranged widely within each scenario, (70 mrem yr Ϫ1 ). On the other hand, doses to the POTW incinerator neighbor (after 50 yr of incineration) and air pathway. Exposure associated with both of these standards (described later in this paper) could occur, primarily due to indoor radon derived as a decay scenarios can be decreased radically through the use of readily available radon testing and mitigation practices.
product from naturally occurring radionuclides, such as 226 Ra and 228 Th. The overall results of the survey and dose modeling effort suggest that:
If agricultural land application is performed for a long time into the future, the potential exists for future • elevated levels of radionuclides were found in some sewage sludge and ash samples, but do not indicate radiation exposure primarily due to radon, as illustrated in the 50-to 100-yr subscenarios. Within the POTW, a widespread problem;
• estimated doses to potentially exposed individuals there is a potential for significant exposure (predominately due to radon) only when workers are in the same are generally well below levels requiring radiation protection actions (described later in this paper); and room with large quantities of sewage sludge or ash (e.g., for storage or loading). In such situations, the degree • under specific circumstances, doses above protective 
Owned Treatment Works
ISCORS recommendations (Fig. 3) ; and (iii) to assist POTW operators in identifying actions to reduce potenThe Interagency Steering Committee on Radiation Standards developed a guidance document (Interagency tial radiation exposure from sewage sludge and ash. The document also includes background information about measures to reduce the potential for accidental releases. radiation and radioactive materials and how they can enter POTWs, an overview of existing regulatory agency
• Imposing appropriate additional local controls on the dischargers, such as local discharge limits and responsibilities regarding radiation protection, and a summary of the information produced by the survey regular reporting of discharges.
• Requiring notification of planned or accidental disand dose modeling efforts.
charges, or requesting notification from the source The document recommends actions that may be taken facilities when future releases occur. by a POTW operator when elevated levels of radio-
• Working with state regulators on enforcement acnuclides are detected. The document advises that, in tions against dischargers who violate license congeneral, no further action is needed when estimated ditions and contribute to the elevated levels, and doses are below 100 Sv yr Ϫ1 (10 mrem yr Ϫ1 ) (not includproviding information to state regulators on any ing estimated or measured radon levels), using the interferences with operating practices created by screening calculation procedures provided in the docudischarges. ment. When doses are estimated to be Ն100 Sv yr
Ϫ1
• Correcting infiltration and inflow problems that (10 mrem yr Ϫ1 ), POTW operators are advised to consult transport NORM into the POTW. with their state regulatory agency to determine if additional analyses should be conducted or if any response actions need to be considered. The 100 Sv yr Ϫ1 (10
CONCLUSIONS mrem yr

Ϫ1
) criterion is not a limit, does not include Since it was formed in 1995, the ISCORS Sewage radon, and is not intended to suggest that higher dose Sludge Subcommittee has addressed concerns associlevels are unacceptable. Rather, it is a guide for deated with radioactive materials present in sewage sludge termining when advice from radiological specialists and ash generated by POTWs. The subcommittee efshould be considered. Note that the International Comforts resulted in the recent issuance of a sewage sludge mission on Radiological Protection (ICRP) recomand ash survey report, a dose modeling document, and a mended that the acceptable upper limit for public expo-POTW guidance document. All three documents along sure from all controllable sources of radiation should with the laboratory data generated by the sewage sludge be 1000 Sv yr Ϫ1 (100 mrem yr Ϫ1 ). Most federal and survey sample analyses can be accessed via the ISCORS state regulatory agencies set constraints on individual website (Interagency Steering Committee on Radiation sources of exposure to the general public that are a Standards, 2003a Standards, , 2003b Standards, , 2003c . The overall conclusions fraction of 1000 Sv yr Ϫ1 (100 mrem yr Ϫ1 ), and limit of the ISCORS subcommittee efforts are: occupational exposures to Յ50 mSv yr Ϫ1 (5 rem yr
).
• The levels of radioactive materials found in sewage The ISCORS guidance document also recommends rasludge and ash samples from most POTWs are gendon testing if calculation results exceed the USEPA erally low and the associated radiation exposure to indoor radon action level of 150 Bq m Ϫ3 (4.0 pCi L
workers and the general public is very low, and not or 0.02 WL), and that POTWs take appropriate action likely to be of concern. to mitigate when test results for indoor radon exceed
• The estimated radiation doses to potentially exthe same 150 Bq m Ϫ3 (4.0 pCi L Ϫ1 or 0.02 WL) action posed individuals are generally well below levels level. A WL is a measure of radon in air; 1 working level requiring radiation protection actions. For unique (WL) is equal to the total energy emitted by alpha POTW worker and on-site resident scenarios, doses particles from short lived radon decay products in equiexceeding protective standards could occur, prilibrium with radon gas in air at a concentration of 3.7 marily due to indoor radon generated as a decay kBq m Ϫ3 (100 pCi L
). Publicly owned treatment works product from NORM (e.g.,
226
Ra and 228 Th). Such are advised to contact the state radiation control agency, exposures can be significantly reduced through the the NRC, the USEPA, or a radiation protection profesuse of readily available radon testing and mitigasional, such as a health physicist, for assistance when tion technologies. designing radiation sampling or monitoring programs,
• Where the estimated annual dose from all radiosite-specific surveys, or changes in management pracnuclides exceeds 100 mrem yr Ϫ1 , ISCORS recomtices to reduce radiation exposures.
mends that the POTW operator consult with the The radiation management document (Interagency state radiation protection regulatory agency. The 10 Steering Committee on Radiation Standards, 2003c) promrem yr Ϫ1 criterion is not a limit, does not include vides recommendations for POTW operators to deterradon, and is not intended to suggest that higher mine sources of radioactivity at POTWs, describes samdose levels are unacceptable. pling and analysis procedures, and suggests alternative courses of action if circumstances (e.g., location in a REFERENCES high NORM area) or actual measurements suggest that Cohen, S. 1997 . Final draft: NORM waste characterization. EPA Cona problem exists. Some of these actions include: tract 68D20155, WA no. 5-09. Office of Radiation and Indoor Air, Washington, DC.
• Consulting directly with likely industrial dischargers Eisenbud, M., and T. Gesell. 1997. Environmental radioactivity. 4th that may routinely discharge radioactive material to • Encouraging dischargers to use spill prevention
